[1] We analyze the seismicity rate immediately after the 2004 Mw6.0 Parkfield, California, earthquake from nearsource seismograms. By scrutinizing high-frequency signals, we can distinguish mainshock coda from early aftershocks occurring as soon as 30 s after the mainshock. We find, as expected, that a significant fraction of aftershocks in the first few hours after the main shock are missing in the Northern California Seismic Network catalog. We observe a steady rate of aftershocks in the first 130 s, followed by a power-law decay of aftershock activity. Thus, there appears to be a distinct early stage of aftershock activity that does not fit the Omori's law with a constant p value, a phenomenon that we refer to as Early Aftershock Deficiency (EAD). Our observation suggests that mainshock rupture and aftershocks are distinct processes, not described by a single Omori's law. Several physical models of aftershocks can explain the EAD.
Introduction
[2] A large shallow earthquake is typically followed by aftershocks that diminish in rate approximately as the inverse of the elapsed time since the mainshock, a phenomenon known as the Omori's law [Omori, 1894] . Later, Utsu et al. [1995] introduced the modified Omori's law,
where K is the aftershock productivity, p is the exponent that is generally close to 1, and c is a constant time shift. The c value is introduced to eliminate the singularity in the aftershock rate as t goes to zero.
[3] The existence of the c value and its physical meaning are still under debate [Utsu et al., 1995] , most likely because it is difficult to observe early aftershock activity in the noisy aftermath of large earthquakes [Kagan, 2004] . Yet this period marks the transition from mainshock to aftershocks, and holds valuable information about the underlying mechanisms that control the aftershock occurrence [e.g., Nur and Booker, 1972; Das and Scholz, 1981; Dieterich, 1994; Ben-Zion and Lyakhovsky, 2006] .
[4] Previous studies on aftershock decay rate mainly used earthquakes in existing catalogs [Utsu et al., 1995] . However, they are known to be incomplete immediately after large mainshocks, mainly due to overlapping of the codas of large aftershocks and overload of processing facilities [Kagan, 2004] . Several recent studies have focused on the high-frequency radiation of earthquakes, and obtained useful information about the mainshock rupture and the aftershocks [e.g., Ishii et al., 2005 ; Z. Peng et al., Anomalous seismicity rates immediately before and after main shock rupture from high-frequency waveforms in Japan, submitted to Journal of Geophysical Research, 2006] .
[5] Here, we systematically analyze the early aftershock decay rate of the 2004 Mw6.0 Parkfield, California, earthquake [Bakun et al., 2005] by scrutinizing high-frequency signals from seismograms recorded near the source region. The mainshock ruptured the Parkfield section of the San Andreas fault (SAF) (Figure 1 ). Many near-field, unclipped and continuous seismograms for the mainshock and its aftershocks were recorded.
Data and Analysis Procedure
[6] We use waveforms recorded by the surface station PKD of the Berkeley Digital Seismic Network, 13 borehole stations at the High Resolution Seismic Network (HRSN), and the San Andreas Fault Observatory at Depth Pilot Hole (SAFOD_PH) array. The sampling frequencies are 80 Hz, 250 Hz, and 500 Hz, for station PKD, HRSN array, and SAFOD_PH array, respectively.
[7] Since seismic codas of the mainshock have little high frequency content, we apply a two-pass Butterworth highpass filter to detect early aftershocks buried inside the mainshock coda. The corner frequencies of the high-pass filter are 20 Hz, 40 Hz, and 60 Hz for waveforms recorded by station PKD, HRSN array, and SAFOD_PH array, respectively. The choice of the corner frequencies represents a compromise between the sampling frequency and signalto-noise ratio. The results are similar for a range of highpass filters, but the data filtered with higher frequency have sharper onsets and coda that decay more rapidly.
[8] Next, we compute the envelopes of the high-passfiltered seismograms, stack envelopes for the three components, take the logarithm, and smooth the resulting envelope by a moving median operator with a half-width of 10 data points (Figure 2) . We stack the three-component data to enhance the signal, and to produce P and S double arrivals for event identification. We then shift in amplitude each envelope using the average values within 1000 s (within 50 s for envelope of the SAFOD_PH array, as limited by the available data) before the mainshock so that the noise level before the main shock for each shifted envelope has an average value of zero.
Results

Aftershock Comparison
[9] Next, we compare aftershocks of the Parkfield mainshock identified from the envelope for station PKD and those listed in the NCSN catalog (Figure 2c ). The aftershocks are selected from the catalog within a box (latitude: 35.76°to 36.06°; longitude: À120.67°to À120.25°) with no depth restriction. The box is suggested by the NCEDC website for data related to the 2004 Parkfield earthquake (http://www.ncedc.org/2004parkfield.html). We manually identify aftershocks by searching for clear double peaks in the envelope that correspond to the P and S arrivals of each event. A total of 46 events within 300 s after the mainshock are identified by our handpicking procedure. In comparison, only two aftershocks (and the mainshock itself) are listed in the NCSN catalog in this time period (Figure 2b) . A total of 72 events are listed in the NCSN catalog within the first hour after the mainshock. In comparison, our method identified 247 events from the envelope for the surface station PKD during the same period.
[10] Since the aftershocks of the Parkfield mainshock span about 35 km along the SAF [Bakun et al., 2005] , it is difficult to assign magnitudes to aftershocks identified from waveforms at only one or a few nearby stations. Without a common magnitude calibration and threshold magnitude, a direct comparison of the number of events listed in the NCSN catalog and identified from the high-pass-filtered envelope is not feasible. 
Direct Estimation of Seismicity Rate From Envelope
[11] The resulting envelopes are very similar for stations at different epicentral distances (Figure 3 ). This indicates that the high-frequency signals are coherent among the stations we analyzed, and are indicative of the level of seismic activity near the source region. So we directly estimate the seismicity rate immediately after the Parkfield mainshock from each envelope (Figure 3 ). In detail, we linearly sum the envelope value where it is ! 0.5 (roughly corresponding to a nominal signal-to-noise ratio of 3) for each time window. The time windows are fixed to a width of 0.2 in log time (s). We then slide the time window by 0.01 in log time (s), and then divide the resulting amplitude summation by the length of the time window (in linear time) to obtain the seismicity rate for each station after the mainshock (Figure 4) . The cutoff amplitude level of 0.5 is justified by noting that fluctuations in amplitude above 0.5 are highly correlated and directly related to aftershock activity, while fluctuations below 0.5 (near zero noise level) often are not. The choice of time window with width of 0.2 in log time second represents a compromise between a need to have long enough time window for a smooth curve of seismicity rate, but short enough to show the variation. A similar technique was used to estimate the difference in seismic activity in Japan before and after the passage of the seismic waves generated by the 2003 Mw8.1 Tokachi-oki earthquake [Miyazawa and Mori, 2005] .
[12] Next, we compare the seismicity rates from envelopes for station PKD, the logarithmic average of 11 out of 13 HRSN stations, and the logarithmic average of 7 stations of the SAFOD_PH array (Figure 4) . Envelopes for stations JCN and SCY of the HRSN are not used due to high preevent noise level and short seismic records. To obtain a similar baseline for comparison of seismicity rates at different stations, we normalize them to the same value of 1 at 100 s after the mainshock. We also compute the seismicity rates for both pre-mainshock seismicity and aftershocks from the NCSN catalog (m ! 1.5). We then shift the obtained seismicity rates so that the aftershock rate from the NCSN catalog and the envelope at station PKD match at 10 6 s. Although the rate inferred from the envelope fluctuates more than that from the catalog, the seismicity rates estimated from different methods are similar.
[13] Since the NCSN catalog is not complete to m ! 1.5 in the first hour or so after the mainshock (Figure 2c ), we fit the aftershock rate for NCSN catalog after 3600 s (1 hour) by a least-squares fit using the Omori's law (r(t) $ 1/t p ). The p value obtained is 0.86 ± 0.03. The error is the 95% confidence interval based on a bootstrap analysis (1000 resamplings of the set of aftershocks). In comparison, the p value for seismicity rate at station PKD is 0.69 ± 0.03 between 30 s and 6.3 Â 10 5 s ($7.3 days). The seismicity rate within 30 s is dominated by the mainshock coda, and hence is excluded from the time interval chosen for fitting.
Statistical Method to Find Break of Slope in the Seismicity Rate
[14] We note that the seismicity rate in the first few hundred seconds is approximately steady, instead of following the same decay rate as at later times (Figure 4) . To quantify the statistical significance of such a break of slope in the seismicity rate, we apply the Bayesian Information Criterion (BIC) [Leonard and Hsu, 1999; Main et al., 1999] ,
where L(y) is the maximum likelihood estimate of the model, m is the number of unknown parameters, and n is the sample size.
[15] For a single-slope model, the unknown parameters are intercept, slope and variance. For a double-slope model, there are 5 unknown parameters: intercept, two slopes, break point and variance . The peak of the BIC values for the double-slope model is higher than that for the single-slope model (Figure 5 ), indicating that the break of slope in the seismicity rate is statistically significant.
[16] The break point t* = 132 s is found when the BIC reaches its maximum value. The best fitting p values are À0.18 ± 0.20 between 30 and 132 s, and 0.74 ± 0.03 between 132 and 10 6 s. A negative p value immediately after the mainshock indicates that the aftershock activity may actually increase with time in the first 132 s, as was suggested by the lack of large aftershocks in Figure 2c . However, the 95% confidence interval is very large, due to large fluctuations in the seismic activity and a relatively short time interval. So we cannot rule out the possibility that the early aftershock rate may decay with a small positive p value. However, it is clear that the aftershock activity is decaying more slowly in the first $130 s than at later time intervals. The average envelope of the HRSN data also shows a nearly flat rate similar to that of station PKD from 30 to 132 s (Figure 4 ).
Interpretation
[17] By scrutinizing the high-frequency signals, we were able to distinguish mainshock coda from aftershocks occurring as early as 30 s after the mainshock. We found that a significant fraction of aftershocks in the first few hours after the Parkfield mainshock is missing from the NCSN catalog. This indicates that the commonly observed c values (on the order of a few hours or more) [e.g., Shcherbakov and Turcotte, 2006] are most likely caused by missing aftershocks in the catalog.
[18] However, the newly-detected early aftershocks are fewer than predicted by extrapolation of the aftershock rate from 10 7 s back in time to $100 s according to the Omori's law. In particular, we observe a fairly steady rate of aftershocks in the first $130 s, followed by a power-law decay of activity with time afterward. Thus, there appears to be a distinct early stage of low aftershock activity that marks a transition from mainshock rupture to numerous aftershocks, which we refer to as Early Aftershock Deficiency (EAD).
[19] Our observation indicates that the seismicity rate does not increase towards infinity as the time goes to 0, as implied by the original Omori's law. This result argues against a model in which mainshock rupture propagation is represented as no more than the superposition of aftershocks [Kagan, 2004] , and suggests that a mainshock rupture and its aftershock sequence are distinct processes, not described by a single Omori's law. This notion is also implied by the results of Kagan and Houston [2005] , who noted a factor of 30 disparity between the level of aftershock activity and the level of peak mainshock moment release. The disparity likely reflects the difference in the dynamic and static stresses that control the mainshock rupture and the aftershock processes. The mainshock rupture is highly organized in space and time, and controlled mainly by propagating seismic stress waves. In comparison, the aftershock process, which spans a much greater temporal extent and lacks such systematic space-time migration, is likely to be controlled by static stresses, or residual effects from the past dynamic stresses.
[20] Our observation of a near-constant seismicity rate immediately after the mainshock may be consistent with the predictions of several physical models for aftershock processes, including the rate-and state-dependent friction model [e.g., Dieterich, 1994] , the stress corrosion model [e.g., Main, 1999; Gomberg, 2001] , and the damage rheology model [Ben-Zion and Lyakhovsky, 2006]. We note that additional information, such as long-term seismicity rate, thermal gradient, loading rate, and seismic coupling, is needed to distinguish between these models.
Conclusion
[21] We analyzed the seismicity rate immediately after the 2004 Parkfield mainshock from high-frequency continuous waveforms. We found that a significant fraction of aftershocks were not in the NCSN catalog in the first few hours after the mainshock. However, the newly detected events are not numerous enough to match the aftershock rate extrapolated from later times. We observed a fairly steady rate of aftershocks in the first $130 s, followed by the Omori power-law decay of activity. The observation may be consistent with several physical models of aftershock processes. Our result indicates that a mainshock rupture and its aftershock activity are distinct processes, separated by an interval of Early Aftershock Deficiency (EAD), and thus not described by a single Omori's law.
